kinase 3 (MLK3) activates multiple MAPK pathways and can initiate apoptosis, proliferation, migration, or differentiation in different cell types. However, whether MLK3 signaling regulates intestinal epithelial cell sheet migration in vivo is not known. We sought to investigate whether MLK3 signaling is important in intestinal mucosal healing and epithelial cell motility in vivo and in vitro. In vivo, we compared the healing of jejunal mucosal ulcers induced in MLK3 knockout (KO) mice with healing in wild-type (WT) mice. Ulcer healing was 20.8% less at day 3 (P Ͻ 0.05) and 18.9% less at day 5 (P Ͻ 0.05) in MLK3 KO than WT mice. Within the intestinal mucosa of MLK3 KO mice, ERK and JNK signaling were reduced, phosphatase and tensin homolog deleted on chromosome 10 (PTEN) level was increased, and p38 signaling was unchanged. Parallel in vitro studies using an MLK inhibitor assessed the role of MLK signaling in human Caco-2 intestinal epithelial migration across collagen substrates. The MLK inhibitor reduced closure of circular wounds in Caco-2 monolayers. MLK inhibition reduced ERK and JNK, but not p38, signaling in Caco-2 cells. Although PTEN is increased after MLK inhibition, it does not influence MLK-mediated cell migration. These findings indicate that disruption of MLK3 signaling impairs ulcer healing by suppressing ERK and JNK signaling in vitro and in mouse intestinal mucosa in vivo. These results reveal a novel role for MLK3 signaling in the regulation of intestinal epithelial migration in vivo and suggest that MLK3 may be an important target for the regulation of intestinal mucosal healing.
THE INTESTINAL MUCOSA is repetitively subjected to injury during normal gut function and must be able to heal to maintain barrier function. In addition, intestinal mucosal ulceration occurs during processes as diverse as inflammatory bowel disease, infectious gastroenteritis, and peptic ulcer disease (45) . The healing of such mucosal lesions requires epithelial sheet migration (restitution) and proliferation, each of which is regulated by various MAPKs after growth factor activation (18, 38) . For instance, ERK signaling correlates with migration speed in mammary 184A1 epithelial cells (25, 54) , and ERK increases in migrating epithelial cells at the edge of rat gastric mucosa and mouse jejunal ulcers (34, 46) . Similarly, p38 and JNK signaling influence intestinal epithelial sheet migration in vitro in response to cyclic strain (53) and improve skin wound healing after stimulation by activin B (55) . However, although MAPK signaling is important for intestinal mucosal healing, the upstream signals that influence MAPK activation during intestinal mucosal healing are poorly understood.
Mixed-lineage kinase (MLK) 3 (MLK3) is a ubiquitously expressed serine/threonine kinase capable of regulating multiple MAPK pathways in mammalian cells. In some cells, MLK3 can variably activate the JNK, p38, and MEK/ERK MAPK pathways (17) and mediate the mitogenic effects of cytokines and mitogens in vitro (6, 10) . MLK3 has been proposed to upregulate phosphatase and tensin homolog deleted on chromosome 10 (PTEN) expression by activating the transcription factor ATF-2 in human endothelial cells (41) . However, MLK3-null murine embryonic fibroblasts (MEF) display reduced JNK signaling without reduction in ERK or p38 activation after TNF␣ stimulation (6) . Moreover, JNK signaling may be activated by the MEKK pathway in the absence of functional MLK3 in kidney cells (47) . Thus the upstream regulation of the terminal MAPK ERK, p38, and JNK differs from cell type to cell type. Although epithelial sheet migration is qualitatively different from the movement of cancer cells, it is worth noting that MLK3 has also been implicated in the regulation of motility and invasion in epithelial cancer cells (13, 30, 43) and may induce expression of activator protein 1-regulated genes associated with invasive cancer (13) . MLK3 influences motility and JNK and p38 activity in breast cancer cells (13) . However, the role of MLK3 in modulating twodimensional restitutive sheet migration in nonmalignant epithelium in vivo is unknown. MLK3 knockout (KO) mice develop pathology of their dorsal skin, suggesting that MLK3 could be involved in developmental epithelial cell migration (6) , but the effects of MLK3 signaling on cell motility or the MAPK that regulates it in vivo have not been examined.
Since MLK3 might influence several of the intracellular signaling pathways relevant to intestinal epithelial cell migration and/or proliferation, we used a model of ulcer healing in engineered mice with a targeted deletion of the MLK3 gene in vivo, as well as MLK inhibition in Caco-2 and IEC-6 intestinal epithelial cells in vitro, to investigate its role in mucosal wound healing. In vivo, we measured migration, proliferation, apoptosis, and MAPK pathways to determine their involvement, if any, in ulcer healing. Using an MLK inhibitor in vitro, we confirmed that suppressed MLK3 signaling affects ERK and JNK signaling pathways that may be critical for cell migration. Our results suggest that MLK3 signaling plays an important role in enterocyte migration in vivo and in vitro via ERK and JNK, but not PTEN or p38 signaling. This is the first reported evidence delineating a key role for MLK3 signaling in the regulation of epithelial sheet migration in vivo.
MATERIALS AND METHODS
Animal and surgical procedures. All experiments were approved by the University Laboratory Animal Resources at Michigan State University. MLK3 KO mice (6) were a gift from Pfizer (Ann Arbor, MI). The wild-type (WT) mice used as controls were of the same genetic background (C57BL/6) and age as the MLK3 KO mice. Male C57BL/6J mice were used at 8 -12 wk of age to match the age of the MLK3 KO experimental mice. Mice were housed in a 12:12-h light-dark facility. Food and water were provided ad libitum. Mean body weight was not different between MLK3 KO and WT groups at baseline or at harvest. Experimental procedures were carried out simultaneously in MLK3 KO and control animals.
Mucosal ulcers. WT and MLK3 KO animals were anesthetized with isoflurane, and a laparotomy was performed to expose the jejunum. To create a circumscribed ischemic mucosal ulcer, tissue paper disks (3.4 mm 2 ) soaked with a 75% acetic acid solution were applied to the small bowel serosa, with care taken to avoid large vessels, for 15 s, as previously described (16, 34) using a modification of a previously published method to create gastric ulcers (44) . The application area was washed three times with sterile saline. We previously demonstrated that this method yields reproducible-sized ulcers at day 1 (34) . Mice were euthanized at 1, 3, and 5 days after ulcer induction. The segment of intestine in which the ulcer was created was incised along the mesenteric border, and the mucosal ulcer was photographed using a dissecting microscope equipped with a digital camera (Q-color5, Olympus, Tokyo, Japan). Images were analyzed using National Institutes of Health ImageJ software (version 1.43u, public domain). Ulcer healing was measured as percent ulcer area closure at days 3 and 5 relative to the average area of the ulcers measured at day 1.
Immunohistochemical studies of proliferation and histomorphometry. Samples of the intestinal segments containing induced ulcers from experimental MLK3 KO and WT mice were fixed in 10% formalin for 24 h and embedded in paraffin.
Step sections 4.0 m thick were prepared from all the blocks and stained with hematoxylin-eosin. Immunohistochemical analysis for proliferation was done on unstained, formalin-fixed paraffin sections utilizing a Ki-67 kit (Zymed). Sections were counterstained with hematoxylin for histological orientation, visualized, and photographed. Proliferation was assessed as the percentage of Ki-67-positive nuclei in intestinal mucosa, as previously described (28) . Morphometric parameters analyzed in small intestine, including mucosal thickness, fibromuscular stromal thickness, villus width and height, crypt depth, villus epithelial cell area, number of cells per 100 m, and mucosa-to-stroma thickness ratio, were determined in hematoxylin-eosin-stained sections of intestine using Image Pro Plus 5.5 (Media Cybernetics, Silver Spring, MD) image analysis software and appropriate standards (ϫ200 magnification, 5 areas per small intestine of each animal). Measurements were done in longitudinal sections of villi and crypts and expressed in micrometers. At least 30 measurements were taken for each animal, and the group average was calculated. Immunohistochemical analysis for intestinal cell signaling was performed on unstained, formalinfixed paraffin sections. Antigen retrieval for all antibodies was done by boiling the slides in citrate buffer (Biogenex, San Ramon, CA) for 30 min. Endogenous peroxidase activity was quenched with 20 min of incubation in 3% H2O2 in methanol. Changes in intestinal epithelial cell signaling in vivo were assessed in sections of mouse intestine with antibodies to phosphorylated ERK, phosphorylated JNK, phosphorylated p38, and PTEN (Cell Signaling Technology, Beverly, MA), at 1:200 dilution in PBS, followed by Vectastain Universal ABC kit detection (Vector Laboratories, Burlingame, CA). Sections were counterstained with hematoxylin, coverslips were applied, and sections were visualized and photographed on a Nikon Microphot-FXA (Nikon, Tokyo, Japan).
Cell and culture conditions. For in vitro studies, we utilized colon carcinoma-derived Caco-2 cells, a common model of intestinal epithelial biology capable of differentiation in culture (12) . Caco-2 intestinal epithelial cells (CRL-2102, American Type Culture Collection) were maintained at 37°C with 8% CO 2 in DMEM with 25 mM D-glucose, 4 mM glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 g/ml streptomycin, 10 g/ml transferrin, 10 mM HEPES (pH 7.4), and 3.7 g/l NaHCO 3 supplemented with 10% heat-inactivated FBS. IEC-6 nonmalignant rat intestinal epithelial cells (CRL-1592, American Type Culture Collection) were maintained at 5% CO 2 in high-glucose (4.5 g/l) DMEM supplemented with 10% FBS and 0.1 U/ml bovine insulin. Only cells below passage 25 were used for these experiments. To compare MLK3 levels in motile and static conditions, Caco-2 cells were seeded simultaneously at 31,200 and 6,370 cells/cm 2 into 35 ϫ 10 and 100 ϫ 10 mm tissue culture plates, respectively, to create static confluent monolayers and populations of small islands of migrating epithelial cells of the same age after plating, as previously described (52) . Cells in the first population reached confluence at 4 days and were used for experiments at 24, 48, and 72 h after confluence; the second group remained subconfluent and motile at all time points. To determine whether PTEN level changes with ERK inhibition, ERK signaling in Caco-2 cells was blocked by the ERK antagonist PD-98059 (20 mmol/l; Calbiochem, La Jolla, CA) for 24 h. Control cells in these studies were treated with the 0.1% DMSO vehicle.
Motility measurement. Caco-2 or IEC-6 cells were cultured to confluence on sterile six-well dishes precoated with collagen I. Small uniform circular wounds in the cell monolayers were created as previously described (54) . Monolayers of cells with created wounds were immediately treated for 24 h (Caco-2) or 6 h (IEC-6) with medium containing 0 (0.1% DMSO), 100, 200, 400, 800, or 1,600 nM CEP-11004 or CEP-1347 (n ϭ 6), as previously described (13) . At 0 and 24 h, the remaining wound area was calculated after visualization on a Kodak Image Station (Perkin Elmer, Boston, MA).
Proliferation. Caco-2 cells were seeded at 100,000 cells/well on type I collagen-precoated six-well culture plates for 24 h. Subconfluent (30 -40%) cells were serum-starved for 24 h. A single six-well plate was reserved for a time 0 measurement, and the remaining serum-starved cells were incubated in normal growth medium containing 0.1% DMSO or CEP-11004 inhibitor (400 nM) dissolved in DMSO for 24 h before trypsinization and cell counting. Cell number was determined in each of the six wells independently with an automated cell counter (Countess, Invitrogen, Carlsbad, CA) using the manufacturer's protocol. Data from each experiment were analyzed with six observations in each group.
PTEN small interfering RNA studies. Caco-2 cells were seeded on type I collagen-coated six-well culture plates to attain 30 -40% confluence 1 day before transfection with nontargeting (NT1) small interfering RNA (siRNA) or siRNA to PTEN (Dharmacon, Lafayette, CO; 50 nM final concentration) using Oligofectamine according to the manufacturer's protocol. Effectiveness of the siRNA transfection (routinely 70 -90%) was verified by immunoblotting 72 h after transfection. Uniform circular wounds were created, and the cells were treated with 0.1% DMSO or 400 nM CEP-11004 for 24 h.
Protein isolation and Western blot analysis. Mucosal scrapings from target intestinal segments or harvested Caco-2 cells were immediately immersed in ice-cold lysis buffer (50 mM Tris·HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1% dichloroacetate, glycerol, 10 mM sodium pyrophosphate, and 50 mM NaF). Tissue was homogenized using a BulletBlender (Next Advance, Averill Park, NY) and then centrifuged at 15,000 g for 10 min at 4°C. Protein concentrations were determined using bicinchoninic acid (Pierce Chemical, Rockford, IL). Equal amounts of protein were resolved by SDS-PAGE and then electrophoretically transferred to a Hybond ECL nitrocellulose membrane (Amersham Pharmacia Bio-tech, Piscataway, NJ). Membranes were blotted for phosphorylated ERK (Thr 202 , Tyr 204 ), ERK, phosphorylated JNK, JNK, phosphorylated AKT, AKT, phosphorylated p38, p38, and cleaved caspase-3 (Cell Signaling Technology, Beverly, MA). Membranes were then reprobed with antibodies specific for ␤-actin as a loading control and the appropriate fluorophore-conjugated secondary antibody. Bands were visualized with an Odyssey imaging system (LI-COR) and analyzed with the Kodak Image Station 440CF, and phosphorylatedto-total protein ratios for each sample were adjusted to ␤-actin. All exposures of probed membranes used for densitometric analysis were within the linear range.
Data analysis. Values are group means Ϯ SE of the nontransformed data. Prior to analysis, all data were checked to ensure that they fit a normal distribution using the plot of predicted values vs. residuals, as well as the Shapiro-Wilk and Kolmogorov-Smirnov tests for normality. Two-tailed Student's t-test or ANOVA was used when appropriate. Skewed or nonnormally distributed data were logarithmically transformed prior to analysis, and the correction to a normal distribution was confirmed using tests described above. Differences between means were considered significant at P Ͻ 0.05.
RESULTS

Disruption of MLK3 signaling impairs intestinal mucosal healing in mice.
Ulcers were induced in MLK3 KO and age-matched WT mice at 8 -12 wk of age and measured in animals euthanized 3 and 5 days after surgery. Ulcer size was compared with that in animals of the same genotype measured 1 day after ulcer induction. Analysis of the digital images of the mucosal ulcer surface 3 days after surgery demonstrated that ulcer healing was 20.8% slower in MLK3 KO than WT mice (n ϭ 6, P Ͻ 0.05; Fig. 1A) . Similarly, the ulcer area was 18.9% larger in the MLK3 KO than WT mice 5 days after induction (P Ͻ 0.05; Fig. 1, A and B) .
Deletion of MLK3 alters intestinal mucosal and intestinal epithelial cell morphology but not proliferation. Since MLK3 has been implicated in the regulation of cell proliferation in some settings, using an antibody against Ki-67, a protein expressed during the active phases of proliferation (40), we compared the proliferation of epithelial cells within the mucosa at the ulcer edge 5 days after ulcer induction. The percentage of Ki-67-positive intestinal mucosal cells within 2 mm of the ulcer was similar in WT and MLK3 KO mice, as well as in intact mucosa distant from the induced ulcer (n ϭ 12; Table 1 ). Similar proliferation rates were observed between genotypes at 3 days and 1 day after surgery (data not shown). We next examined the effects of MLK3 deletion on intestinal wall composition that might account for the migration defects in intestinal cells or the ability of the intestine to withstand ulcer damage. Thickness of the mucosa and the fibromuscular layer of the intact intestinal wall of MLK3 KO mice was significantly increased compared with that of WT mice (P Ͻ 0.05, n ϭ 12; Fig. 1C , Table 1 ). Villous height, crypt depth, and villous width were also significantly greater in MLK3 KO animals than WT controls (P Ͻ 0.05, n ϭ 12). Deletion of MLK3 significantly increased the number of cells per 100 m of villus length compared with mucosa from WT mice (P Ͻ 0.05, n ϭ 6; Fig. 1C , Table 1 ). Although the epithelial cell cross-sectional area tended to be smaller in MLK3 KO animals than WT controls, this did not reach significance. The ratio of the thickness of the mucosa to the thickness of the stroma was preserved in MLK3 KO and WT groups (data not shown). Taken together, these results suggest that Phosphorylated ERK immunoreactivity was readily visible at the ulcer edge, as well as in intact mucosa, 5 days after ulcer induction in WT mice ( Fig. 2A) . Although phosphorylated ERK immunoreactivity was higher at the ulcer edge in MLK3 KO and WT animals than in more distant mucosa in these animals, the level of phosphorylated ERK immunoreactivity was significantly lower in MLK3 KO than WT mice. Western blot analysis also showed a significant difference in phosphorylated ERK levels in intact mucosa between WT and MLK3 KO animals (n ϭ 12, P Ͻ 0.05; Fig. 2A) .
Phosphorylated JNK has been reported to decrease after inhibition of MLK3 signaling (6) . In MLK3 KO animals, phosphorylated JNK immunoreactivity appeared significantly reduced at the ulcer site and within intact mucosa compared with WT animals (Fig. 2B) . The significant reduction of phosphorylated JNK in the mucosa was confirmed by Western blot analysis (n ϭ 12, P Ͻ 0.05; Fig. 2B ).
PTEN expression has been shown to regulate levels of phosphorylated ERK and JNK (21) . WT animals had relatively low PTEN levels at the ulcer site and in the intact mucosa (Fig.  2C) . Conversely, MLK3 KO mice exhibited significantly higher PTEN immunoreactivity in the intestinal mucosa by immunohistochemistry and Western blot analysis (n ϭ 12, P Ͻ 0.05; Fig. 2C ). In contrast, immunohistochemical and Western blot analysis of phosphorylated p38 revealed no difference at the ulcer edge or in the intact mucosa between WT and MLK3 KO intestine (Fig. 2D) .
We also examined if MLK3 deletion changes levels of activated caspase-3 in mouse intestinal mucosa. Western blot analysis of intestinal mucosa of WT and MLK3 KO mice indicated that MLK3 deletion reduced caspase-3 cleavage, indicative of reduced apoptosis (Fig. 2E) .
MLK3 signaling is involved in intestinal epithelial cell migration. We next sought to determine whether MLK3 levels differ between migrating and static confluent Caco-2 cells. MLK3 levels were significantly increased at 48 and 72 h in migrating cells compared with confluent cells (n ϭ 6, P Ͻ 0.05; Fig. 3A) , consistent with the concept that a high level of functional MLK3 might contribute to the migration of intestinal epithelial cells.
To investigate this possibility in vitro, Caco-2 cells were treated with different doses of the MLK inhibitors CEP-11004 and CEP-1347. In Chinese hamster ovary cells, Murakata et al. (32) demonstrated that CEP-11004 and CEP-1347 have the highest specificity for MLK3 compared with their ability to inhibit MLK1 and MLK2 but are not effective against PKC or neurotrophic tyrosine kinase receptor (TrkA) activity. Moreover, expression of MLK2 is limited to brain, skeletal muscles, and testis (26), so MLK2 is not expressed in the intestine. Whether MLK1 is expressed in the intestine is not known. CEP-11004 is capable of reducing the phosphorylation of MLK3 in MCF-7 breast cancer cells as soon as 30 min after it is introduced (39) .
CEP-11004, at a concentration as low as 200 nM, significantly reduced wound closure (P Ͻ 0.01; Fig. 3B ), whereas 800 nM CEP-1347 inhibited wound closure (P Ͻ 0.01; data not shown). Significant reductions in wound closure in normal intestinal IEC-6 cells were also observed at CEP-11004 concentrations as low as 100 nM (P Ͻ 0.01; Fig. 3C ), while 200 mM CEP-1347 significantly reduced wound closure (P Ͻ 0.05; data not shown).
MLK inhibitors alter ERK and JNK signaling in confluent and migrating Caco-2 cells.
We further investigated the effect of MLK inhibitor treatment on potential downstream signals that might be involved in wound healing and to correlate the effects of short-term MLK3 inhibition in vitro with long-term MLK3 KO in vivo. Phosphorylated ERK and JNK were decreased in Caco-2 cells 24 h after MLK inhibition (P Ͻ 0.05; Fig. 4, A and B) . PTEN levels were significantly increased in Caco-2 cells after treatment with CEP-11004 (P Ͻ 0.05; Fig.  4C ), but this MLK inhibitor did not alter the level of phosphorylated p38 (Fig. 4D) or AKT (Fig. 4E) activation. Similar changes in intracellular signaling were observed after the use of CEP-11004 in normal intestinal IEC-6 cells (data not shown). Western blot analysis of the CEP-11004-treated subconfluent Caco-2 cells revealed no difference in the level of activated caspase-3 (Fig. 4E) .
We also investigated the effect of MLK inhibitor treatment on MAPK signals that might be affected by suppression of MLK signaling in migrating Caco-2 cells. As seen in confluent Caco-2 cells, phosphorylated ERK and JNK were decreased in migrating Caco-2 cells 24 h after MLK inhibition (P Ͻ 0.05; Fig. 5, A and B) . The level of the phosphorylated p38 was not changed under these conditions (Fig. 5C) .
MLK inhibition does not change cell proliferation. To rule out the possibility that an effect of MLK suppression on cell proliferation was contributing to the effects on Caco-2 monolayer wound closure, we measured proliferation after 24 h of treatment with CEP-11004. Cell number was not different from control after treatment with CEP-11004 (n ϭ 6; Fig. 6A ). We repeated these studies in cell monolayers simultaneously treated with hydroxyurea to prevent cell proliferation (48) . Hydroxyurea did not change the antimotogenic effects of CEP-11004 (n ϭ 6; Fig. 6B ). These results suggest that intestinal epithelial cell wound closure and migration depend on MLK3 activity and that this effect is independent of cell proliferation.
MLK mediated regulation of cell migration does not require PTEN. PTEN levels in Caco-2 cells were significantly increased after inhibition of ERK signaling by PD-98059 for 24 h, suggesting that an increase in PTEN could contribute to the reduced intestinal cell migration after MLK inhibition-initiated ERK suppression (n ϭ 6, P Ͻ 0.05; Fig. 6C ). We tested this hypothesis by reducing PTEN level in Caco-2 cells with specific siRNA. Reduction of PTEN significantly increased wound closure in Caco-2 cells (n ϭ 5, P Ͻ 0.01; Fig. 6D ). However, wound closure in PTEN siRNA-transfected Caco-2 cells after MLK inhibition was not only significantly suppressed compared with control, but it was also significantly increased compared with MLK inhibitor treatment alone (P Ͻ 0.01) without change in JNK signaling, indicating that an increase in PTEN is not central to MLK regulation of cell migration.
DISCUSSION
Mucosal ulcer healing is a complex process requiring cell proliferation, migration, and matrix formation and angiogenesis (45) . Migration of epithelial cells at the ulcer edge, critical for ulcer healing, is regulated by cytokines and growth factors (4) . This study establishes a critical role for MLK3 in this process and traces its downstream effectors. MLK3 is a widely expressed mammalian serine/threonine kinase that functions as a MAPKKK and can activate multiple MAPK pathways in response to cytokines or cellular stresses (17) . In this study, we show that a targeted deletion of MLK3 impaired the healing of experimental small intestinal mucosal ulcers in mice and that MLK3 inhibition delayed intestinal epithelial monolayer wound closure in vitro. Furthermore, MLK3 appears to critically mediate ERK and JNK, but not p38, activation during Fig. 4 . MLK signaling is required for activation of ERK and JNK signaling in vitro in confluent Caco-2 cells. A: MLK inhibitor CEP-11004 reduces ERK phosphorylation in confluent Caco-2 cells (n ϭ 6) after 24 h. B and C: CEP-11004 reduces JNK phosphorylation (n ϭ 6) and increases total PTEN levels (n ϭ 6) in Caco-2 cells. D and E: CEP-11004 does not affect p38 signaling (n ϭ 6) or phosphorylated AKT levels (n ϭ 6). F: levels of cleaved caspase-3 are not changed after 24 h of treatment with CEP-11004. *P Ͻ 0.05.
intestinal mucosal wound healing in vivo as well as in confluent and migrating cells in vitro. Although we observed PTEN upregulation in the MLK3 KO intestine, PTEN deletion does not affect MLK-mediated cell migration, so PTEN may be less likely than the MAPK to be a critical mediator of migration in this setting.
Although mucosal healing is stimulated by a variety of endogenous growth factors and cytokines, these stimuli require active intracellular signaling pathways to promote cell migration and proliferation (15, 33) . Most growth factors are produced locally as a result of mucosal damage or inflammation (2, 15) , so delays in wound healing may reflect abnormalities of the intracellular signaling response to these factors, rather than the absence of the growth factors themselves. Furthermore, cell signaling and biology in vitro may be very different from the kinome and its responsiveness to stimuli in the complex in vivo environment (8, 22) . It therefore becomes essential to delineate the relevant intracellular pathways that govern intestinal epithelial sheet migration in vivo to identify targets for intervention to promote mucosal healing.
This study clearly demonstrates that MLK3 is an important regulator of intestinal epithelial sheet migration in vitro and mucosal wound healing in vivo. Previous studies demonstrated that MLK3 is involved in breast cancer cell migration (13), colon cancer cell proliferation (10) , and enhancement of hepatoma cell apoptosis (27) . In contrast, our results suggest that, in the nonmalignant intestinal epithelium, MLK3 is essential only for intestinal epithelial cell motility, while MLK3 seems less important or more easily compensated for in the pathways that influence intestinal epithelial proliferation. Moreover, MLK3 KO mice reveal an epidermal phenotype (6), and we found that intact intestinal mucosa of adult MLK3 KO mice also differs from mucosa in the WT animals, suggesting a wider role for MLK3 signaling in epithelial development. The difference in intestinal cell migration, but not proliferation or apoptosis, in our study supports a major role in cell migration during developmental formation of the intestinal wall, as well as during mucosal recovery after damage.
MLK3 is traditionally known to exhibit its effects via activation of JNK signaling in vivo and in neuronally derived cells in response to cytokines and LPS in vitro (14, 50) . Chemokines and growth factors influence JNK signaling and modulate migration and invasion of human colorectal cancer cells (7) or rat intestinal IEC-6 cells (49). JNK signaling has been shown to regulate cell migration in breast cancer cells (13) and in gastric cancer cells after gastrin induction (30) . Our observation suggests that, in intestinal cells, MLK3 suppression correlates with reduced JNK signaling in vitro and in vivo. This is consistent with a previous report of impaired JNK activation in MEF derived from MLK3 KO mice in response to TNF␣ (6) or free fatty acids (24) . However, these cells also did not differ in their migratory or invasive properties from WT MEF (6) . Suppression of MLK3 signaling also reduces cytokine-mediated JNK activation in human colonic CCD-18Co fibroblasts (10) or microglial cells (23) in a fashion similar that described here. Moreover, JNK signaling is necessary for isolated cell migration of breast cancer cells (unlike nonmalignant epithelial cells, these cells do not migrate as sheets), but not matrix metalloproteinase 9-mediated invasiveness (37) . Thus, MLK3 may act as a primary regulator of JNK signaling in promoting cell sheet migration, but not proliferation, in intestinal mucosa ulcer healing.
ERK appears to be an important downstream mediator of the effect of MLK3 on wound healing. ERK influences diverse cellular activities and has important effects on intestinal epithelial cell migration (20) . Chadee et al. (11) reported that MLK3, independent of its MAPK3 catalytic activity, complexes with B-Raf and Raaf-1 to promote ERK signaling. Our data suggest that MLK3-mediated activation of ERK modulates migration of intestinal epithelial cells in vitro and in vivo, similar to that observed in HT29 colon adenocarcinoma cells (9) and gastric cancer cells (30) . Suppression of MLK3 signaling in metastatic breast cancer cells by CEP-11004 reduced migration twofold and prevented activation of JNK and p38, but not ERK, signaling (13) , again emphasizing the differences in MLK3 downstream signaling in different cell types. In this study, we observed reduced ERK signaling within the normal small intestinal mucosa after deletion of MLK3. Such a reduc- tion of mediators of signal transduction may reduce the responsiveness of epithelial cells to local growth factors and cytokines (35) . MLK3 overexpression has been demonstrated to increase phosphorylated ERK in response to TGF␤1 in FaO rat hepatoma cells (27) . In contrast, in primary MEF derived from MLK3 KO animals, ERK activation by TNF␣ and seruminduced chemotaxis do not differ from similar phenomena in MEF from WT mice (6). These differences may reflect differences in cell type, cell context, or variations in migration across different substrates or specific difference in MLK3 activation of downstream ERK pathways in response to different stimuli (52) . We demonstrated that MLK inhibition inhibited ERK activation and migration in vitro, as it does in vivo. In neuronal cell lines, reducing ERK signaling with a MEK inhibitor attenuates the neuroprotective effects of CEP-11004 against mutant Huntington-associated neurotoxicity (1) or CEP-1347 against cell death induced by serum deprivation (36) , suggesting that activation of ERK may be necessary for at least some MLK3 actions. Although the CEP-11004 and CEP-1347 inhibitors are specific for MLK1, MLK2, and MLK3, the KO mouse data were obtained in MLK3-null models. Thus the inhibitor data are chiefly important, because they confirm that the effects we saw in the MLK3 KO animals do not reflect some sort of other compensation for MLK3 reduction or inhibition that may occur after a prolonged period of MLK3 reduction or inhibition.
p38 signaling has been implicated in regulation of cell migration and spreading in response to growth factors in vitro (3, 51). MLK3 mediates TGF␤1-induced apoptosis via p38 signaling in hepatoma cells (27) , and in human fibroblasts MLK3 activates p38, as well as other MAPKs, in response to EGF stimulation (9) . However, our results do not support MLK3 regulation of p38 signaling in the intestinal mucosa in vivo, as we did not observe differences in phosphorylated p38 within the mucosa of the KO mice or in intestinal epithelial cells treated with MLK3 inhibitor in vitro. We previously reported that although p38 is increased during strain-induced Caco-2 cell migration, it does not modulate cell motility in this setting (52) . TNF␣ stimulation of MEF isolated from MLK3 KO mice also did not increase p38 signaling (6) . Activation of p38 by MLK3 may be tissue-specific or require growth factor stimulation, but it does not appear central to the influence of MLK3 on intestinal epithelial cell migration.
PTEN plays a major role in many cellular activities and has been shown to interact with MAPK signaling pathways regulating cell spreading and cell migration (21) . PTEN has been reported to influence the migration of differentiated Caco-2 cells in vitro and dedifferentiated metastatic colon cancer HCT116 cells in vivo (29) . Conversely, PTEN can be transcriptionally suppressed via activation of RAS/ERK signaling by bone morphogenic protein in SW480 colon cancer cells (5) . We also observed increased PTEN within the mucosa of the MLK3 KO mice and were able to reproduce this effect in vitro with the MLK inhibitor CEP-11004. Thus it is possible that the alterations in PTEN within the MLK3 KO mucosa could contribute in some fashion to the reduced mucosal healing that we observed in vivo in these mice. However, in vitro results with siRNA suggest that PTEN may not be necessary, since loss of PTEN did not reverse MLK-mediated inhibition of wound closure. Understanding why some MLK3 inhibition or reduction affects PTEN awaits further study. In addition, inhibition or reduction of MLK3 could well invoke feedback signaling that drives other upstream kinases in an attempt to reregulate the downstream MAPK signaling.
Activation of MLK3 and its downstream target JNK signaling often contributes to cell death. In differentiated neuronal PC-12 cells, MLK3 suppression blocks NGF withdrawal-induced cell death (31) and CEP-11004 treatment suppresses neuronal cell death in vivo (19) . However, the antimotogenic effects of MLK3 signaling in vitro are independent of caspase-3 activation, despite reduced level of caspase-3 in vivo.
In summary, our results demonstrate that MLK3 signaling contributes to in vivo mucosal healing in the small intestine independently of cell proliferation and to the in vitro epithelial sheet migration of human intestinal Caco-2 cells. Targeted deletion of MLK3 in vivo or inhibition of MLK3 in vitro modulates distinct signaling pathways, including ERK and JNK, but not p38. MLK3 signaling may modulate PTEN level, but this is not required for regulation of cell migration. MLK3 may prove to be an important target modulating intestinal epithelium renewal and maintenance and improving repair of gut mucosal injury. 
